We used PET to study regional cerebral blood flow (rCBF) 
Introduction
A proportion of patients with lateral medullary infarct (Wallenberg's syndrome) are known to develop central pain, including spontaneous and provoked components (allodynia and hyperpathia) in various combinations. Central pain is felt as a strange unpleasant and/or painful sensation not previously experienced by the patients and is therefore very poorly described. A very prominent and disabling aspect of central pain after lateral medullary infarct is the combination of thermal hypaesthesia with thermal and touch allodynia, (BA 6) and medial prefrontal (BA 10) this latter defined as a pain experience provoked by a nonnoxious stimulation. Spatial and temporal summation of stimuli may further exacerbate allodynic pain and according to these features, it seems likely that allodynia involves pathways, brain structures and a pattern of brain response which, in part, differs from those involved in normal pain sensation as assessed in most experimental pain paradigms.
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Lateral medullary infarct is associated with unilateral and selective involvement of the spinothalamic tract sparing the lemniscal pathways. It entails a very small-sized lesion, usually disclosed by MRI, restricted to the lateral medulla and distant from the cerebral hemispheres. Lateral medullary infarct represents therefore a very relevant model for the study of the cortical mechanisms of central pain related with spinothalamic tract dysfunction in the absence of anatomical lesion affecting the cortical targets of nociceptive pathways. Furthermore, the strict unilateral distribution of sensory signs in lateral medullary infarct allows one to perform in the same patient a direct comparison between the response to allodynic pain on the affected side and that to physiological pain on the normal side.
The changes in regional cerebral blood flow (rCBF) seen during sensory stimulation, as studied by PET, are known to reflect synaptic activity in structures activated or inhibited by the stimulation procedure (Jones and Derbyshire, 1995b) . The aim of the present study was, first, to investigate cortical and thalamic blood flow changes during allodynia in lateral medullary infarct patients and, secondly, to compare such responses with those observed in the same subjects during experimental pain in the unaffected side of the body. We selected nine patients with a history of lateral medullary infarct, all of whom experienced an acute unpleasant and painful (allodynic) sensation on the affected side when a non-noxious cold stimulus was moved over the skin surface. The blood flow changes induced by this allodynic stimulus were compared with rCBF changes evoked by the same cold stimulus and by an electrical painful stimulus of same subjective intensity as the allodynic one, but applied to the unaffected side of the body.
Patients and methods Patients
Pertinent clinical data are summarized in Table 1 .
We selected nine right-handed patients from a larger population of patients who had clinical features of lateral medullary infarct in the acute phase of stroke, on the basis of post-stroke allodynia which developed in the body half contralateral to their lesions. MRI and cerebral angiography were performed in all patients. The infarct was detectable on MRI in eight patients, and extended ipsilaterally to the inferior part of cerebellar hemisphere (postero-inferior cerebellar artery) in two of them. Lateral medullary infarct was secondary to vertebral artery dissection (in five patients), atheromatous thrombosis (in two), cardiac embolism (in one) or was associated with isolated anti-phospholipid antibody (in one). The patient with a right lateral medullary infarct in whom the infarct was not seen on MRI had evidence of right vertebral artery dissection. None showed any supra-tentorial cerebral infarct on MRI. Lateral medullary infarct was rightsided in six and left-sided in three patients.
All patients were studied for pain and both lemniscal (joint position, vibration, tactile sense, Weber's discrimination tasks, graphaesthesia) and extra-lemniscal (thermal sensibility, pinprick) sensory modalities. Only one (Patient 3) had reduced vibration sensation on the painful lower limb without any other sensory sign of lemniscal involvement. Five out of nine patients underwent somatosensory evoked potential testing, which gave normal results in all of them at the time of the PET procedure. In Patient 3 the brainstem P14 component was absent early after the stroke but had fully recovered when the PET was recorded.
Abnormal pain sensations were subdivided into three components according to the IASP (International Association for the Study of Pain) criteria (Lindblom et al., 1986) (1 ϭ spontaneous permanent and/or paroxysmal pain; 2 ϭ touch and cold allodynia; and 3 ϭ pinprick hyperpathia). All patients had allodynia to light touch and movement on the affected side. A non-noxious cold stimulus was used to enhance the allodynic sensation to movement and touch. Five patients had isolated allodynia and four out of nine had both spontaneous pain and allodynia. Hyperpathia was observed in four of the five patients with allodynia. The sensory and pain dysfunctions are illustrated in Fig. 1 and Table 1. Antidepressant drugs, benzodiazepines, and other treatments which might interfere with pain processing such as opioids or non-steroid anti-inflammatory agents, were discontinued at least 1 week before the PET study. Informed consent was obtained from all nine patients. The PET and painful stimulation procedures used in this study were approved by the ethical committee of Bellevue Hospital Saint-Etienne.
Pain assessement
Pain was assessed in each condition of the PET procedure using a visual analogue scale (VAS) and two different scores to evaluate subjective pain intensity (i) during the 120 s of PET recordings ('average pain score') and (ii) during the peaks of pain sensation, particularly at the onset of stimulation ('maximal pain score').
PET study
Eight rCBF scans were recorded in visually and auditorydeprived patients after injection of a 40-mCi dose of H 2 15 O in the antecubital vein on the non-painful side. For technical reasons (see below), the field of view was adjusted to study brain regions from the sub-thalamic area [z coordinate in Talairach and Tournoux (1988) atlas, -8 mm] to the upper bank of the central cortex (z coordinate, 60 mm), hence excluding the brainstem and the cerebellum. For each patient, four conditions, each repeated twice, were recorded during a 120-s period. The rCBF was assessed at rest and during the three stimulation conditions as detailed below and illustrated in Fig. 2 . The stimuli, with onset 10 s after H 2 15 O injection, were delivered for 110 s. Their order was randomized for the three activation conditions while the two control (rest) conditions were kept fixed as the first and the fifth scans for each patient. Each condition was separated from the previous one by 20 min to rule out long-lasting haemodynamic effects from the previous recording.
Condition 1: neurological pain (allodynia)
A cold non-noxious stimulus (frozen water in a flat plastic container) was moved slowly over the painful hypaesthesic side [the thigh in seven patients and the forearm in two patients in whom lower limb stimulation was either intolerable because of pain (Patient 5) or non-painful (Patient 9)]. This stimulation was tested before the PET procedure in order to ensure that it was scored as painful in all patients on the VAS.
Condition 2: non-painful cold
For comparison, the same non-noxious stimulus was moved over the unaffected side, in the same area as that stimulated to trigger allodynia on the abnormal side.
Condition 3: electrical pain
An electrical noxious stimulus (stimulus duration 1000 ms, frequency 120 Hz and intensity 0.3-4.3 mA) was applied to the unaffected side in the same skin territory as that stimulated to evoke allodynia on the affected side. Stimulus parameters were adjusted before the PET procedure in order to reach an intensity of pain as close as possible as that of the allodynic sensation, as scored on the VAS.
Condition 4: rest
There was no stimulation, eyes were closed and ears plugged. Acquisitions were performed with a time-of-flight PET scanner (TTV03, LETI) which generates seven 9-mm slices separated by a 3-mm gap. Images were reconstructed with a Hanning filter providing a spatial resolution of 7 mm at the centre of the field of view (Trebossen and Mazoyer, 1991) . Attenuation correction was performed using measured coefficients derived from a 20-min transmission acquisition.
The patient was positioned in the scanner so that the slices were parallel to the bicommissural (AC-PC) line. This line was determined using the medial sagittal slice of an individual (1) Allodynia: a cold non-noxious stimulus was moved on the hypaesthesic (grey) limb; seven patients were stimulated on the lower limb, two on the upper limb (arrows). (2) The same cold stimulus was moved on the control non-affected (white) limb. (3) A noxious high frequency electrical stimulus, inducing a continuous burning sensation, was applied on the control non-affected (white) limb. The intensity of the stimulation was determined before PET recording and adjusted as close as possible to those of condition 1.
three-dimensional T 1 -weighted MRI. The patient's movements were also constrained by means of a personalized polyurethane foam helmet. As no arterial catheter was used, the reconstructed images were not converted to rCBF. However, on the tested range, blood flow has been shown to be linearly related to the observed activity (Herscovitch et al., 1983) . Therefore, responses reported here are changes in linear radioactive distribution but will be referred to as changes in regional blood flow.
PET data analysis
Data analysis was performed using the statistical parametric mapping software (SPM95) developed at the Functional Imaging Laboratory (London, UK). Images of patients with left lateral medullary infarct were flipped in order to standardize the lesion side to the right side before interindividual pooling of the data.
Patient movement between scans was corrected by a realignment procedure. Then all data were spatially normalized (Friston et al., 1995a) according to a stereotaxic space (Talairach and Tournoux, 1988) to allow interindividual analysis.
Images were then smoothed with a Gaussian filter (fullwidth half-maximum 12 mm) to account for anatomofunctional variability. The analysis was based on the estimation of the covariates introduced in the general linear model (Friston et al., 1995b) for each and every pixel. The effect of global activity changes was removed by introducing a confounding covariable in the model. The resulting set of voxel values (t map) was then transformed to the unit normal distribution (Z map). The foci were then characterized in terms of peak height and the significance was assessed using a correction which accounts for multiple testing (Worsley et al., 1992) . Conditions 1, 2 and 3 were successively compared with condition 4 using subtractions.
Results

Subjective pain scores (Fig. 3)
The 'average pain score' did not differ significantly between the allodynic stimulus and the noxious electrical stimulus (5.2 Ϯ 1.9 versus 4.4 Ϯ 2.5) while the 'maximal pain score' was sligthly but significantly higher for the electrical stimulus (6.2 Ϯ 1.9 versus 5.4 Ϯ 2, P ϭ 0.015, two-tailed paired t test). When asked to describe the quality of their painful sensation, patients considered allodynic pain as more 'unpleasant' and difficult to describe verbally than electrical pain. The 'unpleasantness' level was not quantified with the VAS scale.
Both cold allodynia and electrical pain were rated significantly higher on the VAS (P ϭ 0.0001, two-tailed paired t test) than the cold stimulus applied to the unaffected side (VAS scores 1.49 Ϯ 1.5 and 1.1 Ϯ 1.48 for 'maximal' and 'average pain', respectively). The rCBF was significantly decreased during allodynic stimulation contralaterally in the medial frontal gyrus (BA 10), ipsilaterally in the rostral and inferior portion of anterior cingulate gyrus (BA 24/32), and was sub-significantly decreased ipsilaterally in the posterior cingulate (BA 23/31). No rCBF change was observed in the mid part of the anterior cingulate (BA 24). A significant decrease in rCBF was also observed bilaterally in occipital association areas (BA 18 and 19) .
rCBF changes during non-painful (rubbing cold) stimulation (Fig. 4B, Table 3) Non-painful stimulation on the normal side induced significant increases in rCBF in the inferior parietal lobule contralateral to stimulation (SII and BA 39/40), without extending into SI. The rCBF was also increased ipsilaterally in the inferior frontal gyrus (BA 46). No significant modification was detected in thalamus and ipsilateral parietal cortex. Blood flow was significantly decreased bilaterally in occipital cortex (BA 18 and 19) and ipsilaterally to stimulation in the head of the caudate nucleus. There was a slight decrease in rCBF in the contralateral anterior cingulate (BA 24/32) and ipsilateral medial frontal gyri (BA 10), but it did not reach statistical significance. Fig. 4 The rCBF of patients obtained in each one of the three conditions were compared with the basal condition using the SPM95 software and an ANCOVA (covariance) analysis. The spatial distribution of significant Z-scores was superimposed on MRI slices of Patient 4 recorded and realigned (as were PET recordings) according to the bi-commissural plane (AC-PC). Localization of brain areas was assessed by means of a brain atlas (Talairach and Tournoux, 1988) . The results were obtained after pooling all PET slices from the nine patients. In the three patients with left-sided lateral medullary infarct the PET slices were flipped to enable direct comparisons of images with those of the six patients with right-sided lateral medullary infarct. (A) Cold allodynia (left stimulation) versus rest. During allodynia, rCBF was increased: bilaterally in the inferior parietal lobule (BA 39/40); SII cortex (slice ϩ20) and also contralaterally in SI (slices ϩ24 and ϩ28); contralaterally in lateral thalamus (slices ϩ4 and ϩ12); and contralaterally in the fronto-insular cortex (BA 6, slices ϩ12 and ϩ20) and the inferior frontal gyrus (BA 47, slice -4). The rCBF was decreased: bilaterally in occipital areas (BA 18 and 19, slices ϩ4 and ϩ12); ipsilaterally in the rostral part of anterior cingulate gyrus (BA 24/32, slices -4 and ϩ4); and contralaterally in the medial frontal gyrus (BA 10, slices -4, ϩ4, ϩ12). (B) Non-painful cold (right stimulation) versus rest. During non-noxious cold stimulation, rCBF was increased: contralaterally in the inferior parietal lobule (BA 39/40, slices ϩ24 and ϩ28) and near SII (slice ϩ24) (but not anteriorly in SI); and ipsilaterally in the inferior frontal gyrus (BA 46, slices -4 and ϩ4). Note the absence of thalamic activation. The rCBF was decreased: bilaterally in occipital areas (BA 18/19, slices ϩ4 and ϩ12); ipsilaterally in the head of the caudate nucleus (slices ϩ4 and ϩ12); and in a brain area including BA 24 and BA 10 (slice ϩ4) but these cortical areas did not reach individual significance. (C) Electrical pain (right stimulation) versus rest. During noxious stimulation rCBF was increased: bilaterally in the inferior parietal lobule (BA 39/40, slices ϩ20, ϩ24 and ϩ28) near SII (slice ϩ20) (but not anteriorly in SI); ipsilaterally in the inferior frontal gyrus (BA 44, 45 and 47, slices -4, ϩ4 and ϩ12); and contralaterally in fronto-insular cortex (BA 6, slice ϩ12). Note the absence of contralateral thalamic rCBF increase. A sub-significant thalamic rCBF increase was observed but ipsilaterally to stimulation. The rCBF was decreased bilaterally in occipital areas (BA 18/19, slices ϩ4 and ϩ12) and ipsilaterally in medial frontal gyrus (BA 10, slices ϩ4 and ϩ12). 
Effect of stimulation site and lesion lateralization
The pattern of rCBF changes described above did not vary significantly when the two patients in whom allodynia was evoked by upper limb stimulation were eliminated from the analysis. Similarly, rCBF changes remained unchanged when patients with left-sided lateral medullary infarct (n ϭ 3) were excluded from the analysis.
Discussion
Only a few studies have focused on the PET aspects of chronic atypical facial pain (Derbyshire et al., 1994) or chronic neuropathic pain. Most of them studied the basal rCBF abnormalities related to spontaneous pain (Iadarola et al., 1995) and/or the response to therapeutically induced analgesia in cancer (Di Piero et al., 1991) , or in neuropathic (Hsieh et al., 1995a) or central (Peyron et al., 1995) pain. This is to our knowledge the first study focusing on rCBF changes specifically induced by allodynia in a homogeneous series of patients with central pain. Because each one of the three conditions was compared with a basal recording at rest, we will not discuss in what follows the basal abnormalities which may possibly exist in our patients. We will not discuss extensively the bilateral decrease of perfusion that we observed in the occipital cortex in all tested conditions versus rest. Very similar haemodynamic effects have been repeatedly described in various activation tasks such as vestibular stimulation (Wenzel et al., 1996) or semantic tasks (Warburton et al., 1996) . In our study, these rCBF changes involved BA 18 and 19 and spared area 17, suggesting that rCBF changes were not related to visual inputs during the PET recording.
Part of the rCBF pattern in pain conditions was very similar to that observed in normal control subjects submitted to painful heat, even though the allodynic stimulus used in our patients was not intrinsically noxious. However, some other rCBF modifications, notably those observed in the cingulate gyrus, differed from previously reported painrelated activation in normal control subjects Talbot et al., 1991; Casey et al., 1994; Coghill et al., 1994) . These two aspects of the rCBF response during allodynic stimulation are discussed successively in what follows.
Does allodynia reproduce the 'physiological' brain responses to pain?
The distribution of most of the haemodynamic changes associated with allodynia in our subjects was similar to that of rCBF changes previously described as the 'normal' brain response to experimental pain, namely (i) a contralateral increase in rCBF in thalamus, primary somatosensory cortex and anterior insula, (ii) a bilateral increase in second somatosensory and inferior parietal areas (parietal operculum), and (iii) a rCBF decrease in medial orbitofrontal cortex Talbot et al., 1991; Casey et al., 1994; Coghill et al., 1994; Hsieh et al., 1995b; Vogt et al., 1996) . The main feature of this allodynic brain activation is that it was induced by a stimulus which was not perceived as painful when applied to the normal side in our patients. This suggests that a reorganization of brain responses to non-noxious stimulation occurs in allodynia, whereby the amplitude of the rCBF response increases out of proportion with the actual stimulus intensity.
Parietal cortex: SI
In view of the very small proportion of SI neurons in the primate responding to noxious stimuli (Kenshalo et al., 1988) , it is far from certain that the significant rCBF increase in the SI area observed during allodynic stimulation is directly related to the pain sensation itself. Previous PET reports in normal subjects are controversial concerning pain-related SI activation, which was observed in some studies (Talbot et al., 1991; Casey et al., 1994; Coghill et al., 1994) , and not in others Apkarian et al., 1992; Hsieh et al., 1995b) . Similarly, we obtained no SI activation in response to painful electrical stimulation of the non-affected side in lateral medullary infarct patients.
It is noteworthy that, in normal control subjects, painevoked SI activation is observed only when the painful stimulus is moved on the skin (Jones and Derbyshire, 1995a ), as we did in this study, to enhance the cold-touch induced allodynia. Thus, the SI activation that we observed in allodynia could reflect a cortical response to stimulation of cutaneous mechano-receptors. However, the SI activation was not related to sensory somatotopy since seven out of nine patients were stimulated on the thigh, the two remaining patients being stimulated on the upper limb. Moreover, no rCBF increase was observed in SI when the same cold stimulus was moved on the skin of the normal side. Thus, it is possible that the SI activation in allodynia reflects a reorganization of the SI cortical network, since abnormal, extended receptive fields develop after sensory deafferentation by either local anaesthesia or amputation (Shin et al., 1995) . An alternative explanation could be that the allodynic sensation drove attentional orienting mechanisms that were not brought into action when the same stimulus was perceived as innocuous (i.e. when applied to the normal side). It is known from PET studies in humans that attentional processes can induce significant rCBF increase of somatosensory-driven SI response (Roland, 1982; Meyer et al., 1991) . Such modifications are likely to reflect enhancement of the sensory-discriminative capacity of SI for somatic stimuli (Zompa and Chapman, 1995) , including painful ones (Casey et al., 1995; Kenshalo and Douglass, 1995) .
It may therefore be suggested that the strong rCBF increase in contralateral SI during allodynia does not merely reflect activation of the few pain-responsive SI units (Kenshalo et al., 1988) , but more likely results from a complex interaction between several factors including activation of skin mechanoreceptors by the stimulus, reorganization of SI receptive fields and attentional drive of SI units by the unpleasant character of the stimulus.
Parietal cortex: SII, inferior parietal lobule (BA 39 and 40)
Both allodynia and electrical pain (abnormal side) induced a bilateral rCBF increase in the SII extending to the adjacent inferior parietal areas (BA 39/40), while non-noxious cold applied to the normal side of our patients entailed a strictly contralateral parietal activation. Extension of cortical activation from SII to adjacent parietal areas 39/40 has been previously reported in pain experiments in normal subjects (Talbot et al., 1991; Hsieh et al., 1995b) . Moreover, bilateral activation of SII and/or inferior parietal lobule has been demonstrated both in PET studies (Casey et al., 1994; Hsieh et al., 1995b) and by dipole modelling of brain electrical activity (Tarkka and Treede; Valeriani et al., 1996) . Therefore in these parts of the cortex the activation patterns appear very similar for allodynic and normal pain sensations.
Frontal (BA 10) and insular (BA 6) cortex
Finally, our patients showed an increase in rCBF in the anterior insula (BA 6) and a decrease in medial prefrontal regions (BA 10) during allodynia and electrical pain, a pattern also described in normal subjects submitted to painful heat stimulation (Casey et al., 1994; Coghill et al., 1994; Vogt et al. 1996) . While the role of the medial prefrontal cortex in pain processing is not well known, the strong activation of anterior insula might prove more specific for pain perception than were the different parietal activations commented on so far. In primates the insula receives a spinothalamic tract specific for pain and temperature, arising from nociceptive neurons in lamina I of the dorsal horn of the cord (Craig, 1994; Craig et al., 1994) . A role of the anterior insular cortex in the affective colouring of pain sensation is suspected because of its connections with limbic structures (Friedman et al., 1986) . Moreover, lesions to this part of the insular cortex have been reported to cause pain asymbolia, manifesting as an absence of emotional response to pain with preserved discriminative pain perception (Berthier et al., 1988) .
Abnormal thalamic amplification of cortical response as a mechanism of allodynia
Compared with the condition where a similar cold, rubbing stimulus was applied to the normal side of the body, the thalamus was over-activated in the allodynic condition; this suggests an abnormal transduction which might act as an 'amplification factor' for cortical responses to non-noxious somatosensory stimuli. Enhanced thalamic responses in our patients were very similar to those reported during allodynic stimulation in two patients studied with single photon emission computerized tomography (Cesaro et al., 1991) . These authors suggested that the allodynic sensation could stem from a lack of the normal inhibitory feedback exerted on intralaminar nuclei by the nucleus reticularis thalami. Increased rCBF which was demonstrated to reflect increased synaptic activity (Sokoloff et al., 1977; Siesjö, 1978 ) may equally reflect excitation or inhibition (Ackermann et al., 1983; Peyron et al., 1994; Bruehl and Witte, 1995) . Recent findings in primates showed that spinal lesion of the spinothalamic tract leads to sprouting of lemniscal inputs on deafferented thalamic sites and neosynaptogenesis with loss of inhibitory GABA modulation (Ralston et al., 1995) . According to this animal model, the increased thalamic blood flow in response to cutaneous non-noxious stimulation in allodynia is likely to reflect excitatory processes such as increased firing in deafferented cells of the somatosensory thalamus, which might be activated through a neosynaptic network deprived of GABA inhibition. Such abnormal firing in sub-cortical structure could also explain 'at a distance', the rCBF increases or decreases in the cortical targets as a results of the excitatory or the inhibitory nature of the connections between the structures. The abnormal thalamic firing could therefore trigger the abnormal increase of rCBF in the cortical targets of the somatosensory thalamus, particularly insula and primary somatosensory cortex.
Is the absence of mid-cingulate activation by noxious and allodynic stimuli a basic mechanism of central pain in lateral medullary infarct patients?
All of the 'allodynic' rCBF changes that we have discussed so far can be interpreted as resulting from the abnormal triggering of the 'physiological' response of cortical areas to pain inputs. Even the rCBF decrease that we observed in the rostral part of anterior cingulate and orbitofrontal cortex (BA 32, 8 and 10) in response to both allodynia and experimental pain has recently been reported as a 'normal' response to heat pain in PET and functional MRI studies (Coghill et al., 1994; Hsieh et al., 1995b; Vogt et al., 1996) . Bilateral medial thalamic projections and extensively overlapping receptive fields in human cingulate areas (Sikes and Vogt, 1992; Dostrovsky et al., 1995) presumably account for the poor lateralization of this response.
In contrast, the absence of activation in the mid part of the anterior cingulate (BA 24/24Ј) has not previously been observed with any kind of painful stimulation applied to normal subjects or chronic pain patients. This cannot be explained by the mechanism of thalamic amplification that we discussed above. This is the only result of our study which did not fit with the conclusion that cortical integration of allodynic pain represents an amplification of normal processes involved in pain perception.
The fact that the stimulus inducing pain in our study was not the same as in previous reports (i.e. noxious heat), does not explain why the mid part of anterior cingulate gyrus (BA 24) was, among the cortical targets of the spinothalamic tract, the only structure unresponsive to both electrical pain and allodynic stimulation applied on the normal and the hypaesthetic side of the body, respectively.
Considering the strong projections of the spinothalamic tract to the anterior cingulate cortex (Craig and Burton, 1981; Vogt and Pandya, 1987; Vogt et al., 1993) , spinothalamic deafferentation should be proposed as a possible candidate to explain the absence of a cingulate response in our patients. However, all of the other cortical targets (insula, parietal cortex) of the spinothalamic tract showed an increased rCBF in response to allodynia, making this explanation unlikely. Conversely, the absence of an increase in cingulate rCBF in allodynia might result from the over-reactivity of the thalamoinsular and thalamo-parietal networks which constitute the so-called 'lateral' system of pain (Craig, 1994) . It has been suggested that this lateral system exerts inhibitory influences on the thalamo-cingulate pathways which constitute the socalled 'medial' system of pain (Craig and Burton 1981; Vogt and Pandya, 1987; Vogt et al., 1993) . This inhibition, which is thought to be mediated via thalamic and thalamo-corticothalamic loops involving the reticularis thalamic nucleus (Cesaro et al., 1991) , is likely to be increased in response to hyperactivity of the lateral pain system. Vogt et al. (1996) proposed that the rostral portion of anterior cingulate and the orbito-frontal cortices (BA 32, 8 and 10) might modulate pain integration by the mid portion of anterior cingulate cortex (BA 24). The first aspect of the rCBF response was preserved in our patients with allodynia while the second aspect was not. Whether this dissociation between cingulate/orbito-frontal and mid cingulate responses might be one of the causal mechanisms of allodynic sensation remains questionable. Central pain is felt as a strange and unpleasant sensation which is very poorly described, since it is different from any previous experience of the patient, and the abnormal cingulate response to pain might be a cause of the strongly unpleasant character of the allodynic sensation.
As an indirect argument supporting this interpretation, it has been shown that surgical blocking of the subcortical input to the anterior cingulate and frontal cortices entails a decreased pain perception but also reduces tolerance to cold (Talbot et al., 1995) . This pattern is reminiscent of the paradoxical situation of lateral medullary infarct patients who show both pain hypaesthesia and allodynic reaction to non painful stimuli.
However, the abnormal cingulate response was not observed exclusively during allodynia, but also in response to electrical pain applied to the normal side. Similarly, patients with chronic articular pain were also reported to have relatively reduced pain-related activation of anterior cingulate cortex as compared with normal control subjects (Jones and Derbyshire, 1995a) . Therefore there is a possibility that the abnormal rCBF response in the mid-cingulate (BA 24) of our patients reflects either a feature specific to patients suffering from chronic pain or defective pain control from the cingulate to subcortical regions and is not the mechanism underlying allodynic sensation.
